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An aerolysin-related cytotoxic enterotoxin (Act) of Aeromonas hydrophila possesses multiple biological ac-
tivities, which include its ability to lyse red blood cells, destroy tissue culture cell lines, evoke a fluid secretory
response in ligated intestinal loop models, and induce lethality in mice. The role of Act in the virulence of the
organism has been demonstrated. In this study, we evaluated the potential of Act to induce production of
proinflammatory cytokines associated with Act-induced tissue injury and Act’s capacity to activate in macro-
phages arachidonic acid (AA) metabolism that leads to production of eicosanoids (e.g., prostaglandin E2
[PGE2]). Our data indicated that Act stimulated the production of tumor necrosis factor alpha and upregu-
lated the expression of genes encoding interleukin-1b (IL-1b) and IL-6 in the murine macrophage cell line
RAW264.7. Act also activated transcription of the gene encoding inducible nitric oxide synthase. Act evoked the
production of PGE2 coupled to the cyclooxygenase-2 (COX-2) pathway. AA is a substrate for PGE2, and Act
produced AA from phospholipids by inducing group V secretory phospholipase A2. We also demonstrated that
Act increased cyclic AMP (cAMP) production in macrophages. cAMP, along with PGE2, could potentiate fluid
secretion in animal models because of infiltration and activation of macrophages resulting from Act-induced
tissue injury. After Act treatment of RAW cells, we detected an increased translocation of NF-kB and
cAMP-responsive element binding protein (CREB) to the nucleus using gel shift assays. Act also upregulated
production of antiapoptotic protein Bcl-2 in macrophages, suggesting a protective role for Bcl-2 against cell
death induced by proinflammatory cytokines. The increased expression of genes encoding the proinflammatory
cytokines, COX-2, and Bcl-2 appeared correlated with the activation of NF-kB and CREB. This is the first
report of the detailed mechanisms of action of Act from A. hydrophila.

Aeromonas spp. recently have been placed in the family
Aeromonadaceae. They cause both intestinal and nonintestinal
infections in humans (12), and, unlike gastroenteritis, which
generally occurs in young children, these nonintestinal infec-
tions are often fatal and involve adults (36). Aeromonas spp.
have been cultured from both freshwater and salt water and
from many foods. These bacteria have emerged as important
human pathogens and are being isolated in an increased inci-
dence from patients with traveler’s diarrhea (3, 11, 28, 29, 41,
44, 70). Aeromonas spp. produce an array of virulence factors,
and the pathogenesis of Aeromonas infections is therefore
complex and multifactorial (2). These virulence factors include
hemolysins, cytotoxins, enterotoxins, proteases, lipases/phos-
pholipases, leucocidin, endotoxin, fimbriae or adhesins, and
the capacity to form an S-layer (17, 45, 47). Aeromonas hy-
drophila has been shown to be invasive for HEp-2 cell mono-
layers, and the bacterial cells adhere to human erythrocytes (6,
26). Two distinct families of type IV pili (bundle-forming pili
[Bfp] and Tap) in Aeromonas spp. are associated with gastro-
enteritis (9). Taken together, the ability of these bacteria to
invade host cells and disseminate to virtually any organ via the
blood and their capacity to produce multiple virulence factors
contribute to the pathogenesis of Aeromonas infection. The
ability of some strains of A. hydrophila to resist complement-
mediated lysis could result in bacteremia and other invasive
diseases associated with Aeromonas infections (46, 48).

Both cytotonic and cytotoxic enterotoxins have been discov-
ered in culture filtrates of Aeromonas isolates (5, 13, 15, 32, 43,
55, 56, 58, 66). We demonstrated that these enterotoxins from
diarrheal isolate SSU of A. hydrophila were able to cause in-
testinal fluid loss in a rat/rabbit model (20, 58, 69). The cyto-
toxic enterotoxin (Act) is a single-chain, 52-kDa polypeptide
that has various biological activities, including hemolysis, cyto-
toxicity, enterotoxicity, and lethality (18, 23). The cytotoxic
enterotoxin gene (act) has been hyperexpressed, and the re-
combinant Act has been purified to homogeneity. The 50%
lethal dose of Act for mice was 27.5 ng (23). Act exhibited
significant homology with aerolysin isolated from Aeromonas
bestiarum (originally classified as A. hydrophila) (18, 33, 35);
however, these molecules were distinguishable from each other
by the following criteria: (i) differential neutralization of Act
using Act- and aerolysin-specific monoclonal antibodies (19;
unpublished data); (ii) different essential amino acid residues
in Act and aerolysin which contribute to hemolytic activity
(24); and (iii) inability of Act to bind to glycophorin, the
aerolysin receptor (25). We have shown that cholesterol, but
not myristylated cholesterol, abrogated Act’s hemolytic activ-
ity, and this finding implicated the 39-OH group of cholesterol
as possibly important for toxin interaction with this membrane
constituent (23). Despite these distinguishing features, Act and
aerolysin have both been shown to be activated by binding to
the target cell membrane, with subsequent oligomerization and
pore formation (16, 23, 50).

Most studies on aerolysin were targeted to measuring he-
molytic activity (50); however, site-directed mutagenesis of a
single chain of Act indicated the possibility of different loci
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associated with various biological activities (24). We identified
an Act peptide (amino acid residues 245 to 274) that competed
with native Act in binding to Chinese hamster ovary (CHO)
cells. Further, polyclonal antibodies to this peptide significantly
neutralized Act’s biological activity (24). Act’s role in the over-
all virulence of the organism has been established by develop-
ing transposon mutants of A. hydrophila SSU and by generating
act isogenic mutants via homologous recombination (69).
When isogenic mutants were injected intraperitoneally into
mice, the 50% lethal dose was found to be 108 compared to 3 3
105 for the wild-type Aeromonas. Reintegration of the native
act gene in place of the truncated toxin gene in isogenic mu-
tants resulted in complete restoration of Act’s biological activ-
ity and virulence in mice. Animals that were injected with a
sublethal dose of wild-type Aeromonas or its revertant, but not
the isogenic mutant, had circulating, toxin-specific neutralizing
antibodies (14, 69). Act-induced fluid secretion in the rat and
rabbit ligated small intestinal loop was accompanied by inflam-
mation with infiltration of mononuclear cells in the lumen of
the intestine. However, whether there is a correlation between
the extent of inflammation induced by Act and fluid secretion
at various toxin doses is unknown and is presently under in-
vestigation. Act impaired the phagocytic ability of mouse
phagocytes, both in vivo and in vitro, and gamma interferon
(IFN-g) pretreatment blocked this toxic effect. Act’s direct
inhibition of phagocyte activity may be a pathological mecha-
nism associated with some Aeromonas-mediated infections
(38). Further, Act significantly stimulated the chemotactic ac-
tivity of human leukocytes in a dose-dependent fashion. This
stimulatory effect was inhibited by various concentrations of
pertussis toxin (PT), suggesting that human leukocytes pos-
sessed Act receptors possibly coupled to PT-sensitive G-pro-
teins (37). Recent studies of Krause et al. (42) showed that
aerolysin, like Act, activated PT-sensitive G-proteins in gran-
ulocytes.

In this study, we examined the mechanism of action of Act
by using murine macrophages to determine whether Act up-
regulated the expression of proinflammatory cytokine genes
and the inducible nitric oxide synthase (iNOS) gene and acti-
vated arachidonic acid (AA) metabolism in these cells. The
latter mechanism results in production of eicosanoids (e.g.,
prostaglandin E2 [PGE2]) that activate adenylate cyclase and
produce cyclic AMP (cAMP). The latter can also be produced
through direct activation of a G-protein-coupled adenylate cy-
clase enzyme in cells. The fluid secretory response observed in
animals with Act therefore could be a result of an Act-induced
inflammatory response and the ability of Act to increase PGE2
and cAMP levels. Finally, we identified transcription factors
activated in Act-treated macrophages to understand intracel-
lular signaling in host cells leading to upregulation of genes
encoding various cytokines, cyclooxygenase-2 (COX-2), and
antiapoptotic protein Bcl-2.

MATERIALS AND METHODS

Cell culture. The murine macrophage cell line RAW264.7 was purchased from
the American Type Culture Collection (Manassas, Va.). The cells were cultured
at 37°C and 5% CO2 in Dulbecco’s minimal essential medium (Gibco BRL,
Gaithersburg, Md.) containing 4.5 g of glucose/liter, 10% fetal bovine serum, 2
mM L-glutamine, and antibiotics penicillin (100 U/ml) and streptomycin (0.1
mg/ml). For each experiment, 5 3 105 cells/ml were plated in 35-mm-diameter
dishes and allowed to attach for 60 min. The medium was removed, and fresh
medium containing the appropriate stimulant was added. After each time point,
the supernatant was collected and Trizol reagent (Gibco BRL) was added to the
cells (1 ml per 10 cm2 of cells) to extract RNA and proteins as described by the
manufacturer.

Northern analysis. Total RNA (10 to 20 mg) was separated in a 3% formal-
dehyde gel (7) and transferred to a nylon membrane. Membranes were prehy-
bridized (15 min) and hybridized using Quickhyb (Stratagene, La Jolla, Calif.).

The radioactive counts for the various probes used were all 106 cpm/ml, and the
probes were applied to membranes in Quickhyb solution for 2 h at 68°C. After
incubation, membranes were washed twice for 20 min in 23 SSC (13 SSC is 0.15
M sodium chloride plus 0.015 M sodium citrate), pH 7.0 (7)–0.1% sodium
dodecyl sulfate (SDS) and twice for 20 min in 13 SSC–0.1% SDS at 68°C. When
group V secretory phospholipase A2 (sPLA2) was used as a probe, membranes
were hybridized for 1 h at 66°C, followed by two washes in 23 SSC–0.05% SDS
for 15 min, with the first wash at room temperature and the second at 40°C.
Membranes were then washed twice with 0.13 SSC–0.1% SDS for 15 min at
room temperature (8), dried, and exposed to X-ray film for 1 to 3 days. The
membranes were subsequently stripped in 23 SSC–50% formamide at 68°C for
2 h and rehybridized with a glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Clontech Laboratories Inc., Palo Alto, Calif.) probe as an internal
control. The RNA load in each lane was normalized by densitometric scanning
(Gel doc 2000 system; Bio-Rad, Hercules, Calif.) of the blots to calculate fold
increases in mRNA levels. The probes were labeled with [a-32P]dCTP (ICN;
Costa Mesa, Calif.) using a random priming kit (Gibco BRL), and the unincor-
porated dCTP was removed using a Sephadex G-25 spin column (59339 Inc.,
Boulder, Colo.). Murine tumor necrosis factor alpha (TNF-a) cDNA was gen-
erated by reverse transcriptase PCR (RT-PCR) as described below using specific
TNF-a RT-PCR amplimers (Clontech) and total RNA from RAW cells. A
354-bp cDNA was cloned into TA cloning vector pCR2.1 (Invitrogen, Carlsbad,
Calif.). The recombinant plasmid was digested with the EcoRI restriction enzyme
to obtain a 354-bp cDNA fragment. Murine interleukin-1b (IL-1b) cDNA (Ge-
nentech, Inc., San Francisco, Calif.) was digested with EcoRI and HindIII re-
striction enzymes, and a 1.3-kb fragment generated was used as a probe. The
DNA fragments were isolated from 0.8% agarose gels (7) and purified using
GeneClean kit II (Bio 101, Inc., Vista, Calif.). A cox-2 cDNA probe used for
Northern analysis was purchased from Cayman Biochemical Co., Ann Arbor,
Mich.). The reagents for RNA work were prepared in diethyl pyrocarbonate
(DEPC)-treated water.

Western blot analysis. Western blot analysis was performed by established
procedures (59). Briefly, equal amounts of total protein were loaded and sepa-
rated on SDS–12% polyacrylamide gels and then transferred to nitrocellulose
membranes. Membranes were blocked with 3% gelatin and washed in 13 Tween
(0.05%)–Tris-buffered saline (TTBS) twice for 10 min each. Primary antibodies
(1 to 15 mg/ml) in a 1% gelatin solution (prepared in 13 TTBS) were applied and
allowed to incubate for 2 h at room temperature. After washing, appropriate
secondary antibodies were diluted 1:30,000 for horseradish peroxidase (HRP) or
1:10,000 for alkaline phosphatase (AP) in 1% gelatin and applied to the mem-
branes. Subsequently, membranes were washed and an appropriate substrate was
applied, according to the manufacturer’s instructions for color development,
using AP substrate (Bio-Rad) or an enhanced chemiluminescence substrate kit
(Pierce, Rockford, Ill.). Polyclonal COX-2, inducible nitric oxide synthase
(iNOS), and Bcl-2 antibodies were purchased from Santa Cruz Biochemical Co.,
Santa Cruz, Calif.

RT-PCR to detect various cytokines. The first-strand cDNA synthesis kit
(Clontech) was used to synthesize cDNA from total RNA of RAW cells as
described by the manufacturer. Briefly, to 1 mg of total RNA was added oli-
go(dT)18 primer (20 mM) in a total volume of 12.5 ml made up with DEPC-
treated water. The RNA and primer were heated at 70°C for 2 min and then
quenched on ice immediately. Subsequently, the following reagents were added:
4.0 ml of 53 reaction buffer (Clontech), 1.0 ml of deoxynucleoside triphosphate
(dNTP) mixture (10 mM each), 0.5 ml of recombinant RNase inhibitor (40 U/ml),
and 1.0 ml of recombinant Moloney murine leukemia virus RT (200 U/ml). The
mixture was incubated at 42°C for 1 h, and the cDNA synthesis was stopped by
heating the reaction mixture at 94°C for 5 min, which also destroyed any remain-
ing DNase activity. The reaction mixture was then diluted to a final volume of
100 ml with DEPC-treated water.

The cDNA fragment was amplified by PCR, and the following reagents were
added to 5 ml of cDNA sample: 5 ml of 103 PCR buffer (Promega, Madison,
Wis.), 36.6 ml of sterile water, 1 ml of dNTP mixture (10 mM each), 0.4 ml of
AmpliTaq DNA polymerase (5 U/ml), 2 ml of premixed human GAPDH am-
plimer (10 mM [each] primer; for internal control), and 1 ml each of the tested
59 and 39 primers (20 mM) for mouse IL-1b (fragment size, 563 bp) and mouse
IL-6 (fragment size, 638 bp). The amplimers were obtained from Clontech. The
PCR was then completed by temperature cycling (30 to 35 cycles of 94°C for 45 s,
60°C for 45 s, and 72°C for 2 min and a final extension at 72°C for 7 min). The
PCR product was run on a 1% agarose gel and subjected to densitometric
scanning, and the fold increase in the level of a particular cytokine cDNA was
normalized to the GAPDH product. Each experiment included a negative con-
trol in which RNA was omitted from the RT mixture and cDNA was omitted
from the PCR.

The group V sPLA2 fragment for Northern blot analysis was generated by first
performing reverse transcription using RNA from RAW cells, as described
above, followed by PCR using the following primers: 59CAGGGGGCTTGCTA
GAACTCAA39 (59 primer) and 59AAGAGGGTTGTAAGTCCAGAGG39 (39
primer) as described by Balboa et al. (8). A sample probe was obtained from
E. A. Dennis, University of California at San Diego, La Jolla. Reaction condi-
tions used for PCR were 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s for 35
cycles, followed by a final extension at 72°C for 7 min.
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ELISA. The purified anticytokine capture antibodies (Pharmingen, San Diego,
Calif.) were diluted to 1 to 4 mg/ml in binding solution (0.1 M Na2HPO4, pH 9.0).
The diluted antibodies then were added to the wells of an enzyme immunoassay
high-binding microtiter plate (Corning Costar, Corning, N.Y.) and incubated
overnight at 4°C. Next, the capture antibodies were removed, and any nonspecific
binding was blocked by adding 200 ml of blocking buffer (1% bovine serum
albumin in phosphate buffered saline [PBS]) to each well. The plate was incu-
bated at room temperature for 1 to 2 h. After incubation, wells were washed
three times with PBS-Tween (0.05%) buffer. A 100-ml aliquot of samples or
standards was added, and the plate was incubated overnight at 4°C. After incu-
bation, plates were washed four times with PBS-Tween. Detection antibodies
(biotinylated anticytokine; Pharmingen) were diluted to 0.5 to 2 mg/ml in block-
ing buffer-Tween and added to the wells. The plate was incubated for 1 h at room
temperature. After the plate was washed four times with PBS-Tween, an enzyme
conjugate (streptavidin-conjugated HRP) was diluted to an optimal concentra-
tion in blocking buffer-Tween and added to the wells. The plate was incubated at
room temperature for 30 min and then washed five times with PBS-Tween. Next,
ABTS [2,29-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)] substrate solution
(150 mg of ABTS in 0.1 M anhydrous citric acid, adjusted to pH 4.35 with sodium
hydroxide) was vortexed, and 100 ml of 3% H2O2 was added to each 11 ml of
substrate solution. A 100-ml aliquot was dispensed in each well, and the plate was
incubated (5 to 80 min) for color development. The color reaction was stopped
by adding 50 ml of stopping solution (20% SDS–50% dimethyl formamide).
Finally, the optical density was read with a microtiter enzyme-linked immunosor-
bent assay (ELISA) plate reader (Molecular Devices Corp., Sunnyvale, Calif.) at
405 nm.

Gel shift assay. Labeling of the consensus oligonucleotide was performed by
assembling the following reaction mixture: 2 ml of NF-kB/CREB/AP-1/AP-2/
SP-1 (promoter-specific factor required for transcription of the simian virus 40
early and late promoters)/OCT-1 (octamer transcription factors)/TFIID (general
transcription factors) consensus oligonucleotide (1.75 pmol/ml; Promega), 1 ml of
T4 polynucleotide kinase 103 buffer (Promega), 1 ml of [g-32P]ATP (3,000
Ci/mmol at 10 mCi/ml; ICN), 5 ml of nuclease-free water, and 1 ml of T4
polynucleotide kinase (5 to 10 U/ml; Promega). The reaction mixture was incu-
bated at 37°C for 10 min, and the reaction was stopped by adding 1 ml of 0.5 M
EDTA. Finally, the volume of the reaction mixture was made up to 100 ml using
13 Tris-EDTA buffer (7) before the mixture was passed through the Sephadex
G-25 spin column to remove unincorporated labeled ATP. Next, DNA binding
reaction mixtures were assembled. For this assay, we utilized a negative control
having no HeLa cell nuclear extract and a positive control consisting of HeLa cell
nuclear extract, a specific competitor such as unlabeled transcription factor
consensus oligonucleotides, and nuclear extracts from specific time points after
Act treatment of RAW cells. The nuclear extracts were prepared as described by
the manufacturer (Promega). The reaction mixtures were incubated at room
temperature for 5 to 10 min. Then, 50,000 to 200,000 cpm of 32P-labeled tran-
scription factor consensus oligonucleotide was added to the reaction mixtures,
and the mixtures were incubated at room temperature for 20 min. For supershift
assays, 2 ml of p50, p65, or CREB antibodies (200 mg/0.1 ml; Santa Cruz Bio-
technology) was added to the reaction mixture prior to the addition of labeled
NF-kB and CREB consensus oligonucleotides. Subsequently, 1 ml of gel loading
103 buffer (Promega) was added to each reaction mixture and samples (5 to 10
mg) were loaded on a nondenaturing 4% polyacrylamide gel. The gel was prerun
in 0.53 Tris-borate-EDTA buffer for 30 min at 70 mA before loading the
samples. After completion of the run, the gel was transferred to Whatman 3 MM
paper, dried at 80°C for 2 h, and exposed to X-ray film for 1 h to overnight with
an intensifying screen.

cAMP measurement. cAMP was measured by manufacturer’s protocols (Per-
Septive Biosystems, Framingham, Mass.). Briefly, 100 ml of sample, standard, or
medium alone, in duplicate, was pipetted into a 96-well plate precoated with goat
anti-rabbit antibody. A 100-ml aliquot of cAMP antibody was applied and al-
lowed to incubate for 2 h at 4°C. After this incubation, 100 ml of cAMP conju-
gated to AP was added to the wells and allowed to incubate for 1 h at 4°C. After
incubation, wells were washed six times with wash buffer (Tris-buffered saline–
0.01% thimerosal) and an aliquot (300 ml) of para-nitrophenyl phosphate sub-
strate solution was added to each of the wells. After incubation for 2 h at 37°C,
the reaction was stopped by the addition of 50 ml of stop solution (0.2 N NaOH)
to each of the wells, followed by absorbance readings taken at 405 nm.

PGE2 assay. PGE2 was measured by the manufacturer’s protocol (Amersham
Pharmacia). Briefly, 50 ml of sample, standard, or medium alone, in duplicate,
was pipetted into a 96-well plate precoated with goat anti-mouse antibody. A
50-ml aliquot of PGE2 antibody and 50 ml of PGE2 conjugated to AP were added
to the wells and allowed to incubate for 1 h at room temperature. After incu-
bation, wells were washed six times with wash buffer (0.01 M PBS–0.05% Tween)
and a 150-ml aliquot of 3,39,5,59-tetramethylbenzidine–hydrogen peroxide (in
20% dimethyl formamide) substrate solution was applied to each of the wells.
After incubation for 30 min at room temperature, the plate was read at 650 nm
in an ELISA reader.

PLA2 assay. [3H]AA-labeled Escherichia coli (DuPont NEN Research Prod-
ucts, Boston, Mass.) was used as the substrate for measuring PLA2 activity (61,
62). Briefly, the reaction mixture consisted of the following: 10 ml of 2-mg/ml bee
venom PLA2 (Sigma, St. Louis, Mo.; positive control), water (negative control),
or culture supernatant of RAW cells treated with Act for various periods of time;

20 ml of water; 10 ml of assay buffer (500 mM Tris-HCl [pH 8.0], 500 mM NaCl,
5 mg of bovine serum albumin/ml, 50% glycerol, 1 mM CaCl2); and 10 ml of
[3H]-labeled E. coli cells. The samples were mixed and incubated at 37°C for 15
min. Subsequently, the reaction was stopped by adding three times the volume
(150 ml) of cold PBS. The samples were vortexed and centrifuged at 10,000 3 g
for 10 min at 4°C, and an aliquot of the supernatant (50 ml) was mixed with 4 ml
of scintillation fluid and counted using a b-counter.

Purification of Act. For these studies, we expressed the act gene from broad-
host-range tac promoter-based vector pMMB66 (American Type Culture Col-
lection) in Aeromonas salmonicida. The act gene was induced with 1 mM iso-
propyl-b-D-thiogalactopyranoside (IPTG) (23). The coding region of the act
gene was cloned into a pMMB66EH vector at the EcoRI and HindIII sites using
the following 59 and 39 primers: 59CGGAATTCATGCAAAAACTAAAAATA
ACTGGCTTG39 and 59ATAAGCTTTTATTGATTGGCTGCTGGCGTCAC
GCT39. The underlined bases represent 59 EcoRI and 39 HindIII sites. The
recombinant plasmid first was transformed into E. coli HB101 carrying helper
plasmid pRK2013, which conferred kanamycin resistance. Subsequently, the
recombinant pMMB66 plasmid was transformed into a spontaneous rifampin-
resistant mutant of A. salmonicida via conjugation (69). This Aeromonas strain
did not harbor the gene for Act, and the rifampin resistance marker allowed
differentiation of Aeromonas from E. coli after conjugation. The transconjugants
were screened on Luria-Bertani (LB) agar plates containing rifampin (40 mg/ml),
kanamycin (25 mg/ml), and ampicillin (100 mg/ml). A. salmonicida (pMMB66act)
was grown in LB medium with appropriate antibiotics at 26°C. At an optical
density of 0.4, the culture was induced with 1 mM IPTG for 2 h. The culture
filtrate was subjected to ammonium sulfate precipitation (60% saturation), fol-
lowed by sequential chromatography on a Resource Q column (Amersham
Pharmacia), a phenyl-Sepharose column, and a hydroxyapatite column (Bio-
Rad) using Akta Purifier 10 (Amersham Pharmacia) (23). Approximately 1 mg
of the pure toxin was obtained from 2 liters of the culture with 40% total
recovery. Silver staining and NH2-terminal amino acid sequence analysis con-
firmed the purity of Act.

LPS contamination of Act preparation. The Limulus amebocyte lysate assay
(QCL-1000 kit; BioWhitaker, Walkersville, Md.) was used to determine the level
of lipopolysaccharide (LPS) contamination in the purified Act. In addition, the
effect of polymyxin B sulfate (which inactivates LPS) on Act’s ability to induce
production of various cytokines also was determined. Purified Act was incubated
with polymyxin B sulfate (Sigma) at a concentration of 10 mg/ml for 30 min on
ice before use. This concentration of polymyxin was sufficient to abrogate up-
regulation of proinflammatory cytokine genes by LPS (20 ng/ml) in RAW cells.

Statistical analysis. The data were analyzed by a multiple group comparison
test (Scheffe), which allowed all groups to be compared with each other, and
hence is the most stringent statistical method available.

RESULTS

Act induced production of proinflammatory cytokines in
macrophages. When murine macrophages (RAW264.7) were
treated with purified Act, the abundance of TNF-a mRNA
increased within 30 min, based on Northern analysis. An ap-
proximately 200-fold increase in the TNF-a mRNA level was
noted when macrophages were treated with Act for 2 h and
was followed by a decline in the TNF-a mRNA levels that
remained constant between 4 and 24 h (Fig. 1A). The concen-
tration of Act selected for these experiments was 6 ng/ml,
which did not kill macrophages. After 24 h of toxin treatment,
the cell viability was 98 to 99% as measured by trypan blue
exclusion. An increase in the TNF-a antigen level also was
detected at 30 min, and the level gradually increased for up to
24 h (14,000 pg/ml) based on an ELISA (Fig. 1B). Likewise, an
increase in the IL-1b mRNA level was apparent within 30 min
to 2 h of Act exposure to the cells; however, a maximum
increase (130-fold) in the abundance of the IL-1b mRNA was
noted after 4 h of Act treatment (Fig. 2). A dramatic reduction
in the mRNA level of IL-1b was noted after 8 and 24 h of Act
treatment of cells. To confirm the Northern blot analysis data
on IL-1b induction, we performed RT-PCR analysis on total
RNA from cells treated with Act. An increase in the cDNA
coding for IL-1b, which was 563 bp in size, was noted within 30
min to 2 h (data not shown), and these data matched the
Northern blot data (Fig. 2). Specific primers for GAPDH were
used in the same RT-PCR (used for IL-1b) as a positive con-
trol to demonstrate that an equal amount of cDNA was used in
the PCR. A dramatic increase (25-fold over control) in cDNA
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for IL-6 (638 bp) was noted at 2 h by RT-PCR when macro-
phages were treated with Act (Fig. 3A), although an apparent
increase in the IL-6 cDNA was noted within 30 min. Based on
an ELISA, the IL-6 antigen level exhibited an increase at 2 h,
which became maximal at 8 h (1,400 pg/ml) (Fig. 3B). Act-
treated RAW cells also exhibited an increased abundance of
iNOS mRNA as determined by Northern blot analysis. The
mRNA for iNOS was first detected at 4 h and continued to
increase for up to 24 h (Fig. 4).

The amount of LPS detected in the purified Act preparation
was 0.01 ng/ml in 600 mg of Act/ml, as determined by the
Limulus amebocyte lysate assay. Since the toxin was diluted to
a concentration of 6 ng/ml in these experiments, the amount of
LPS was negligible and thus did not contribute to these in-
creases in proinflammatory cytokines. In a parallel set of ex-
periments, we determined that at least 20 ng of LPS/ml was
needed to cause similar increases in the TNF-a and IL-1b

levels (data not shown), as shown for Act. LPS at a concen-
tration of 0.0001 pg/ml present in 6 ng of Act/ml did not
increase cytokine levels in RAW cells. Further, treatment of
Act with polymyxin B sulfate, an antibiotic which binds LPS
and inhibits its biological effects, did not alter Act’s ability to
induce TNF-a and IL-1b production. On the contrary, the
levels of these proinflammatory cytokines were significantly
decreased (90 to 95%) in polymyxin B-treated LPS prepara-
tions at a tested concentration of 20 ng/ml (data not shown).
Polymyxin B at this concentration was not toxic to the cells.

Act induces production of prostaglandins in macrophages.
We noted that the levels of PGE2 in the supernatants of Act-
treated macrophages (RAW264.7) were elevated at 4 h, be-
coming maximal (325 pg/ml) at 24 h, as determined by ELISA
(Fig. 5). This increase in PGE2 level was coupled to the induc-
tion of COX-2 enzyme, which produced prostaglandins from
AA via the COX pathway. Based on Northern blot analysis, the
abundance of cox-2 mRNA was approximately 40-fold higher
at 4 h than that of controls and gradually decreased at 8 and
24 h (Fig. 6). The level of COX-2 antigen significantly in-
creased at 8 h, becoming maximal at 24 h, based on Western
blot analysis using COX-2-specific antibodies (Fig. 6). To dem-
onstrate that the increase in PGE2 level indeed was coupled to
the induction of COX-2 enzyme, we used specific COX-2 in-
hibitors NS398 and Celebrex at a concentration of 0.5 mM. As
is evident from Fig. 7, when added 1 h prior to Act, these two
inhibitors abrogated PGE2 production (98%) at the tested
time point of 24 h. Cells treated with inhibitor alone did not
alter basal PGE2 levels and served as a negative control. A
significant increase in the level of PGE2 was detected in cells
treated with Act alone and served as a positive control.

We then evaluated the role of PLA2, which might be coupled
to COX-2-induced PGE2 production in Act-treated RAW
cells. Based on Northern blot analysis, it was noted that Act
increased the level of group V secretory PLA2 mRNA, which
became maximal at 24 h (data not shown). These data were
consistent with the increase in PLA2 activity in Act-treated
RAW cells (Fig. 8A). An increase in PLA2 activity was noted
at 10 min, and activity continued to increase up to 24 h. Pre-
treatment of RAW cells with sPLA2 inhibitor LY311727 (25
mM) for 1 h before Act addition reduced the PGE2 production

FIG. 1. Act induces TNF-a production in murine macrophages as determined by Northern blot analysis (A) and ELISA (B). (A) RAW cells were treated with 6
ng of Act/ml for the indicated times, and the supernatant was collected. The cells were dissolved in Trizol reagent for RNA isolation, and 20 mg of total RNA was loaded
onto the 3% formaldehyde gel. After transfer to a nylon membrane, the blot was probed with a murine TNF-a probe, as described in Materials and Methods. The blot
was stripped and reprobed with GAPDH as an internal control to normalize the load of RNA in each lane of the gel. The blot was subjected to densitometric scanning,
and the fold abundance of TNF-a mRNA was plotted. (B) The supernatant from Act-treated RAW cells at different time points was examined by ELISA for the
presence of the TNF antigen. Six independent experiments were performed, and arithmetic means with standard errors were plotted. Asterisks, statistically significant
differences compared to 0-h control at the P , 0.05 level using Scheffe’s test.

FIG. 2. Act induces IL-1b production in murine macrophages as determined
by Northern blot analysis. RAW cells were treated with 6 ng of Act/ml for the
indicated times, and the cells were dissolved in Trizol reagent for RNA isolation.
An aliquot (20 mg) of total RNA was loaded onto the 3% formaldehyde gel.
After transfer to a nylon membrane, the blot was probed with a murine IL-1b
probe as described in Materials and Methods. The blot was stripped and re-
probed with GAPDH as an internal control to normalize the RNA load in each
lane of the gel. The blot was subjected to densitometric scanning, and the fold
abundance of IL-1b mRNA was plotted. Six independent experiments were
performed, and arithmetic means with standard errors were plotted. Asterisks,
statistical significance at the level of P , 0.05 using Scheffe’s test.
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by 70%, which clearly indicated a role for group V sPLA2 in
Act-induced PGE2 production (Fig. 8B).

Act induces cAMP production in macrophages. We tested
whether Act would increase cAMP levels in RAW cells. As is
evident in Fig. 9, cAMP levels were increased marginally in
culture supernatants of Act-treated cells starting at 30 min and
levels increased for up to 24 h. However, cAMP levels in-
creased to a greater extent when the cells were treated with Act
in a medium containing 0.05 mM isobutylmethylxanthine (a
phosphodiesterase inhibitor), which prevented cAMP degra-
dation. These data indicated that the fluid secretory responses
observed in animal models with Act could in part be attributed
to production of PGE2 and cAMP as a result of infiltration and
activation of macrophages. Indeed, rat ligated intestinal loops
injected with 200 ng of Act contained four- to fivefold-elevated
PGE2 levels in the fluid. The level of PGE2 detected in PBS-
treated loops was 408 6 21 pg/mg of protein, which increased
to 2,019 6 58 pg/mg of protein in loops challenged with Act.
We were unable to measure accurately the cAMP in the mu-
cosal tissue and fluid because of extensive tissue damage and
marked cAMP degradation.

Act causes activation of NF-kB and CREB transcription
factors in macrophages. It is evident from Fig. 10A that Act
caused an increase in nuclear translocation of a protein capa-
ble of binding a radiolabeled NF-kB binding sequence, as
determined by gel shift assay. An increase in the amount of p50
homodimer of NF-kB was evident at 2 h (three- to fivefold

over basal level; Fig. 10A, lane 6) and remained constant up to
8 h and decreased at the 24-h time point (Fig. 10A, lanes 3 to
9). In fact the presence of a heterodimer of p50 and p65 could
be visualized within 30 min (Fig. 10A, lane 5). Addition of an
unlabeled NF-kB oligonucleotide consensus primer to the nu-
clear extracts before adding the 32P-labeled NF-kB oligonucle-
otide blocked the binding of the latter to the NF-kB transcrip-
tion factor, indicating the specificity of the primer binding (Fig.
10A, lanes 11 and 12). Nuclear extract from HeLa cells was
used as a positive control (Fig. 10A, lanes 2 and 10). The
reaction mixture without the HeLa cell nuclear extract was
used as a negative control in these experiments, and no radio-
active band was detected (Fig. 10A, lane 1). Use of p50 anti-
bodies caused the p50 homodimer to supershift in Act-treated
cells (Fig. 10A, lane 13), further indicating the specificity of the
oligonucleotide used. Lane 13 was exposed for a longer period
of time to clearly demonstrate the supershifting of the p50
homodimer. Further, the p50-p65 heterodimer band disap-
peared using p50 antibodies (Fig. 10A, lane 13); however, the
intensity of the p50-p65 supershift band was very weak (Fig.
10A, lane 13). We believe that the higher-molecular-weight
band in Act-treated nuclear extract, which reacted with the
labeled NF-kB consensus oligonucleotide, represented the
p50-p65 heterodimer, since the size of this band was similar to
that seen in HeLa cell nuclear extract, which was used as a
positive control in this experiment (Fig. 10A, lane 2). We
clearly demonstrated supershifting of both the p50 homodimer
and the p50-p65 heterodimer using p50 antibodies in HeLa cell

FIG. 3. Act induces production of IL-6 in murine macrophages as deter-
mined by RT-PCR (A) and ELISA (B). (A) RAW cells were treated with 6 ng
of Act/ml for the indicated times, and the cells were dissolved in Trizol reagent
for RNA isolation. Reverse transcription was performed on total RNA (1 mg) as
described in Materials and Methods. Subsequently, PCR was conducted on
cDNA using specific primers to IL-6 and GAPDH (G3PDH) in the same reac-
tion mixture before examining the cDNA fragments on a 0.8% agarose gel. (B)
ELISA of the supernatant from Act-treated RAW cells at different time points
for the presence of the IL-6 antigen. Three independent experiments were
performed, and arithmetic means with standard errors were plotted. Asterisks,
statistical significance at the level of P , 0.05 using Scheffe’s test.

FIG. 4. Act induces the transcription of iNOS. RAW cells were treated with
6 ng of Act/ml for the indicated times and were dissolved in Trizol reagent for
RNA isolation. An aliquot (20 mg) of total RNA was loaded onto the 3%
formaldehyde gel. After transfer to a nylon membrane, the blot was probed with
iNOS cDNA as described in Materials and Methods. The blot was stripped and
reprobed with GAPDH (G3PDH) as an internal control to normalize the RNA
load in each lane of the gel. The blot was subjected to densitometric scanning,
and the fold abundance of iNOS mRNA was plotted. Three independent exper-
iments were performed, and typical Northern blot data are shown.

FIG. 5. Act (6 ng/ml) induces production of PGE2. Macrophage cells were
treated with Act for various times, and the supernatant was collected. The PGE2
levels in the supernatant were determined by enzyme immunoassay as described
in Materials and Methods. Asterisks, statistically significant differences at P ,
0.05 compared to 0-h control from four independent experiments.
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nuclear extract which contained abundant amounts of the p50
homodimer and the p50-p65 heterodimer (Fig. 10A, lane 15).
Similarly, antibodies to p65 caused supershifting of the p50-
p65 heterodimer in HeLa cell nuclear extract (Fig. 10A, lane
14).

In a similar experiment, a cAMP-responsive element (CRE)
binding protein (CREB)-specific consensus primer was used in
the gel shift assay. We noted that proteins from nuclear ex-
tracts from Act-treated RAW cells bound to the 32P-labeled
CREB-specific primer (Fig. 10B, lanes 2 to 8). The increase in
CREB was apparent at 2 h. Once again, a reaction mixture

without HeLa cell nuclear extract served as a negative control
(Fig. 10B, lane 1). The specificity of labeled CREB oligonu-
cleotide to bind to CREB protein was confirmed by competi-
tion with a non-radioactively labeled CREB oligonucleotide
(Fig. 10B, lanes 9 to 11). Likewise, the intensity of the CREB-
specific band at the 24-h time point after Act treatment de-
creased dramatically when CREB antibodies were used (Fig.
10B, lane 12). The detection of weaker supershift bands could
be due to the binding of NF-kB and CREB antibodies to a
region to which specific oligonucleotides bind, thus preventing
efficient binding of radiolabeled oligonucleotides to NF-kB or
CREB. Alternatively, concentration of the commercial anti-
bodies or the amount of NF-kB or CREB in Act-treated cells
might not be high enough to clearly show supershift bands. No
activation of other transcription factors, such as AP-1, AP-2,
SP-1, TFIID, or OCT-1, was noted, indicating that Act specif-
ically activated NF-kB and CREB.

Act induces antiapoptotic protein Bcl-2 in macrophages.
Treatment of macrophages with Act caused upregulation of
the antiapoptotic protein Bcl-2, which was maximally (five- to
eightfold increase over control) detected at 4 h (Fig. 11). Bcl-2
could prevent massive apoptosis of cells resulting from the
production of proinflammatory cytokines induced by Act and
may represent a host defense against cell death.

DISCUSSION

Act and other extracellular enzymes produced by Aeromonas
spp. are important virulence factors involved in the pathogen-
esis of Aeromonas infections (14, 52, 69). Act has multiple
biological activities, ranging from its ability to cause extensive
tissue injury to its evocation of a fluid secretory response in
ligated small intestinal loops of animals. The present study was
undertaken to examine which Act-induced proinflammatory
cytokines might lead to pathogenic effects in animals. Indeed,
evidence that many bacterial toxins possess cytokine-inducing
activities is accumulating (30, 31), and therefore the host
proinflammatory cytokine response to Act may contribute to
the pathogenesis of Aeromonas infections. Further, it was in-
triguing to determine a mechanism by which Act evoked PGE2
and cAMP production, which could lead to fluid secretion in
animals. To dissect Act’s mechanism of action, we opted to use
murine macrophage cell line RAW264.7. The Act concentra-
tion selected was 6 ng/ml, which did not affect the viability of
these cells. Our studies also were designed to clarify intracel-
lular signaling mechanisms involved in (i) toxin induction of
cytokine gene expression and (ii) Act-induced expression of
the cox-2 gene involved in PGE2 production through activation
of transcription factors.

Our results demonstrated that Act caused increased levels of
proinflammatory cytokines, such as TNF-a, IL-1b, and IL-6, as
determined by Northern blot analysis, RT-PCR, and ELISA
(Fig. 1 to 3). We demonstrated that the increased levels of
these cytokines were Act specific, as the LPS contamination in
the purified preparation of Act was negligible. Further, we
noted that treatment of Act with polymyxin B sulfate did not
alter the toxin’s ability to induce production of various cyto-
kines. We also noted that peritoneal macrophages derived
from an LPS-hyporesponsive mouse strain (C3H/HeJ) re-
sponded to Act and produced various proinflammatory cyto-
kines, whereas LPS at a tested concentration of 20 ng/ml did
not elevate TNF-a and IL-1b levels in these macrophages.
While our studies were in progress, Braun et al. (10) reported
that pneumolysin, a pore-forming hemolysin produced by
Streptococcus pneumoniae, also was capable of increasing
TNF-a and IL-6 levels in macrophages. Like Act, pneumolysin

FIG. 6. Act induces COX-2 production. (N. blot). RAW cells were treated
with 6 ng of Act/ml for the indicated times and were dissolved in Trizol reagent
for RNA isolation. An aliquot (20 mg) of total RNA was loaded onto the 3%
formaldehyde gel. After transfer to a nylon membrane, the blot was probed with
cox-2 cDNA. The blot was stripped and reprobed with GAPDH as an internal
control to normalize the RNA load in each lane of the gel. The blot was
subjected to densitometric scanning, and the fold abundance of cox-2 mRNA
(arithmetic means with standard errors) were plotted. Three independent exper-
iments were performed. Asterisks, statistical significance at the P , 0.05 level
using Scheffe’s test. (W. blot). Proteins (50 mg) from RAW cells treated with Act
for various times were loaded onto an SDS–12% polyacrylamide gel and sub-
jected to Western blot analysis using affinity-purified goat polyclonal antibodies
to a peptide (amino acid residues 27 to 46) representing the amino-terminal end
of rat COX-2. These antibodies react with rat, mouse, and human COX-2. The
secondary antibodies (rabbit anti-goat antibody diluted 1:30,000) conjugated
with HRP were used, and the blot was developed with enhanced chemilumines-
cence substrate.

FIG. 7. Act-induced PGE2 production is inhibited by COX-2-specific inhib-
itors. COX-2 inhibitors NS398 and Celebrex were added at a 0.5 mM concen-
tration 1 h before adding Act (6 ng/ml) to RAW cells. The PGE2 level in the
supernatant was monitored after 24 h. Three independent experiments were
performed, and arithmetic means with standard errors were plotted. Asterisks,
statistical significance at P , 0.05 compared to control using Scheffe’s test.

VOL. 68, 2000 HOST RESPONSE TO A. HYDROPHILA CYTOTOXIC ENTEROTOXIN 2813



binds to cholesterol and forms large oligomeric pores (60).
Shiga toxin from Shigella dysenteriae inhibits protein synthesis
and similarly increases proinflammatory cytokine production
(TNF-a, IL-1b, and IL-6) in macrophages. However, Shiga
toxin selectively targets vascular endothelial cells (65).

Act-mediated induction of iNOS (Fig. 4) possibly occurs via
upregulation of TNF-a and IL-1b in the host cell. Nitric oxide
(NO) production by iNOS is an essential element of antimi-
crobial immunity and host-induced tissue damage (10). Since
Aeromonas spp. cause invasive diseases, this report represents
the first study showing that a protein toxin in Aeromonas is
responsible for iNOS production. Recently, the leukotoxin
produced by Pasteurella haemolytica, a member of the repeats-
in-toxin family of pore-forming exotoxins, has been shown to
induce gene expression for iNOS in bovine alveolar macro-
phages (34). It has been shown that the mechanism of iNOS
regulation involves IFN-g-mediated upregulation of IFN reg-
ulatory factor 1 (IRF-1) expression. IRF-1 binds to the iNOS
promoter and activates iNOS transcription synergistically with
NF-kB, induced through TNF, IL-1, or LPS signaling (39, 68).
Recent studies of Braun et al. (10) indicated that RAW cells
could synthesize enough endogenous IFN-g within cultures to
activate iNOS expression when exposed to pneumolysin from
S. pneumoniae, which also could be the case with Act-stimu-
lated RAW cells. In contrast, iNOS expression by LPS and
TNF is normally dependent on IFN-g signaling and requires
priming with exogenous IFN-g (10).

Act caused macrophages to release PGE2 in the superna-
tant, and the production of this eicosanoid was abrogated by
COX-2 inhibitors (NS398 and Celebrex) (Fig. 5 and 7). These
data indicated that Act induced production of PGE2 from AA
via a COX pathway (54). Since AA is present at a limited
concentration in the cells, we demonstrated that Act elevated
cellular levels of AA by increasing the expression of group V
sPLA2, which acted on the membrane phospholipids of eukary-
otic cells (Fig. 8A). Recently, a similar upregulation of group V
sPLA2 by LPS in macrophages was reported (8). Our data with
regard to the role of group V sPLA2 in regulating PGE2 pro-
duction in Act-treated RAW cells were substantiated further,

as a specific inhibitor of sPLA2 (both groups II and V) dra-
matically reduced PGE2 production in RAW cells (Fig. 8B).
We have shown that LPS stimulated the production of group II
sPLA2 in murine macrophages, as determined by Western blot
analysis (unpublished data). However, Act failed to induce
group II sPLA2 production but caused increased expression of
the group V PLA2-encoding gene. Increased sPLA2 at the
surfaces of activated cells is due to gene induction and de novo
protein synthesis and not due to exocytosis of preformed pro-
tein (8). Our earlier studies indicated that actinomycin D and
cycloheximide inhibited cholera toxin (CT)-induced fluid se-
cretion in rabbit ligated small intestinal loops, indicating a role
for de novo protein synthesis in the mechanism of action of CT
(54). Subsequently, we demonstrated that CT upregulated in
both epithelial cell lines and macrophages a gene encoding
PLA2-activating protein (PLAA), which exhibited homology
with numerous G-protein b-subunits (51, 54). PLAA has been

FIG. 8. (A) Act (6 ng/ml) increases PLA2 activity in macrophages. The su-
pernatants from Act-treated RAW cells were tested for PLA2 activity using
[3H]AA-labeled E. coli cells as described in Materials and Methods. Averages
from four experiments were plotted with standard errors. (B) An inhibitor of
sPLA2 reduces PGE2 levels in macrophages. Group II and V sPLA2 inhibitor
LY311727 (25 mM) was added at 1 h before adding Act to RAW cells. The PGE2
level in the supernatant was monitored after 24 h. Three independent experi-
ments were performed, and arithmetic means with standard errors were plotted.
Asterisks, statistical significance (P , 0.05) compared to 0-h control using Schef-
fe’s test.

FIG. 9. Act (6 ng/ml) increases cAMP production in macrophages. The su-
pernatants from Act-treated RAW cells were tested for increased levels of cAMP
using ELISA (see Materials and Methods). The experiment was performed in
the absence (hatched bar) or presence (solid bar) of isobutylmethylxanthine
(0.05 mM), which is a phosphodiesterase inhibitor. Averages from three inde-
pendent experiments with standard deviations were plotted. Asterisks, statisti-
cally significant difference (P , 0.05) compared to the 0-h control.
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shown to upregulate the expression of group II sPLA2 in mu-
rine BC3H1 cells (21). Therefore, we tested whether Act would
activate group V sPLA2 in macrophages as well via PLAA.
However, our Northern blot analysis demonstrated that Act
did not alter the expression of the gene encoding PLAA, sug-
gesting thereby a different mechanism of activation of group V
sPLA2 by Act, which is under investigation. Interestingly, LPS
induced the production of PLAA in macrophages (data not
shown). Our data indicated for the first time that Act-induced
PGE2 production was linked to the COX-2 pathway and is, in
turn, coupled to group V sPLA2. We noted that the kinetics of
Act-induced cox-2 gene expression in macrophages (Fig. 6) was
different from that in cells exposed to LPS. The mRNA for
cox-2 was short-lived, as its level declined after 4 h of treatment
of macrophages with Act. However, LPS-induced cox-2 mRNA
was stable up to 24 h (data not shown). Taken together, these
data indicated that Act induced the production of proinflam-
matory cytokines (TNF-a, IL-1b, and IL-6) as well as iNOS in
macrophages. It is therefore plausible that these inflammatory
mediators cause the extensive tissue injury seen in ligated in-
testinal loops of experimental animals challenged with Act. We
also have demonstrated that Act increases TNF-a levels in
intestinal epithelial cell line IEC-6 (data not shown). TNF-a
loosens the tight junctions around epithelial cells allowing (i)
influx of inflammatory cells into the intestinal lumen and (ii)

increased uptake of Act into the lamina propria, where inflam-
matory cells could be activated (49). At present, we are inves-
tigating whether the extent of inflammation induced by Act in
ligated intestinal loops correlates with the fluid secretory re-
sponse.

We also demonstrated that Act increased cAMP production
in macrophages (Fig. 9), which could occur as a result of (i)
direct activation of G-protein-coupled adenylate cyclase or (ii)
indirect activation of adenylate cyclase by PGE2 (54). It also is
known that PGE2 induces adenylate cyclase, which forms
cAMP from ATP (53). Both cAMP and PGE2 production by
macrophages may in part be responsible for evoking fluid se-
cretion in animals by Act (53) as a result of infiltration and
activation of macrophages. Our recent data suggested that
most of the cAMP was produced through PGE2 activation of
the adenylate cyclase enzyme. We noted that treatment with
Celebrex or sPLA2 inhibitor, which dramatically reduced Act-
induced PGE2 production (Fig. 7 and 8B), significantly de-
creased cAMP levels (70 to 80%) in Act-treated RAW cells.
The remainder of the cAMP might have been generated
through direct activation of adenylate cyclase enzyme. How-
ever, the adenylate cyclase activity should be measured in Act-
treated cells to draw a firm conclusion.

Our results indicated that Act caused an increase in the
nuclear translocation of proteins capable of binding NF-kB
and CREB-binding sequences within the first 2 h (Fig. 10).
Transcription factor NF-kB is important in a number of in-
flammation-related pathways (63), and binding elements for
the transcriptional regulatory factors NF-kB and CREB are
present in the enhancer/promoter regions of immunoregula-
tory cytokine genes, including the TNF-a, IL-1b, and IL-6
genes. These transcription factors have important functions in
modulating the transcription of cytokine and cox-2 genes, as
well as of cellular adhesion molecules (27, 63, 67). An inactive
NF-kB heterodimer which consists of p50 and p65 subunits is

FIG. 10. Act (6 ng/ml) activates NF-kB and CREB transcription factors in RAW cells as determined by gel shift and supershift assays. Nuclear extracts (10 mg) from
Act-treated RAW cells were mixed with consensus primers for NF-kB and CREB, subjected to a nondenaturing 4% polyacrylamide gel electrophoresis (see Materials
and Methods), and autoradiographed. (A) Nuclear extracts from HeLa and Act-treated RAW cells at the time points indicated below were examined for NF-kB. Lane
1, no HeLa cell extract (negative control); lane 2, with HeLa cell extract (positive control); lanes 3 to 9, nuclear extract from Act-treated RAW cells at 0, 10, and 30
min and at 2, 4, 8, and 24 h, respectively; lane 10, nuclear extract from HeLa cells mixed with a cold consensus primer before adding the radioactive primer; lane 11,
nuclear extract from Act-treated RAW cells mixed with a cold consensus primer before adding the radioactive primer (0 h); lane 12, 24-h sample; lane 13, supershift
assay using antibodies to p50 with Act-treated RAW cells; lanes 14 and 15, supershift assays with HeLa cell nuclear extract using antibodies to p65 (lane 14) and p50
(lane 15). Free [32P]dCTP runs at the bottom of the gel. (B) Nuclear extracts from HeLa and Act-treated RAW cells at the time points indicated below were examined
for CREB. Lane 1, no HeLa cell extract (negative control); lanes 2 to 8, nuclear extract from Act-treated RAW cells at 0, 10, and 30 min and at 2, 4, 8, and 24 h,
respectively; lane 9, nuclear extract from HeLa cells mixed with a cold consensus primer before adding the radioactive primer; lane 10, nuclear extract from Act-treated
RAW cells mixed with a cold consensus primer before adding the radioactive primer (0 h); lane 11, 24-h sample; lane 12, antibodies to CREB were added before
radiolabeled CREB-specific primer. Three to five independent experiments were performed, and data from a typical experiment are shown.

FIG. 11. Western blot analysis showing that Act (6 ng/ml) increases Bcl-2
levels in macrophages. An aliquot of cellular proteins (50 mg) at different time
points after Act treatment was loaded on an SDS–12% polyacrylamide gel and
subjected to Western analysis as described in Materials and Methods. The blot
was developed using an ECL kit. Three independent experiments were per-
formed.
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present in the cytoplasm in complex with inhibitory protein
I-kB, which binds NF-kB in the cytoplasm and prevents its
translocation to the nucleus (34). NF-kB activation results in
phosphorylation, ubiquitination, and degradation of I-kB,
leading to nuclear translocation of NF-kB and its binding to
specific enhancer/promoter sequences, resulting in expression
of target genes. Our data indicated that Act mediated the
selective upregulation of transcription in macrophages by in-
ducing intracellular signaling events, resulting in nuclear trans-
location of transcriptional activators NF-kB and CREB (Fig.
10). Interestingly, we noted the translocation of the p50 ho-
modimer of NF-kB in the nucleus of RAW cells even at 0 h,
and translocation increased after Act treatment (Fig. 10A).
Recently, it has been reported that translocation of the p50
homodimer in the nucleus may be important to prevent up-
regulation of genes encoding proinflammatory cytokines in
unstimulated cells (40). Therefore, the p50 homodimer may
prevent overactivation of the proinflammatory cytokines by the
p50-p65 heterodimer of NF-kB. Recently, leukotoxin pro-
duced by P. haemolytica was reported to cause translocation of
nuclear NF-kB after a 5-min exposure in bovine alveolar mac-
rophages, as measured by immunofluorescence using confocal
microscopy (34). It was noted further that bovine alveolar
macrophages pretreated with an inhibitor of tyrosine kinases
(e.g., herbimycin A) did not cause activation of NF-kB by
leukotoxin, indicating that tyrosine phosphorylation was re-
quired for leukotoxin-induced NF-kB activation. It needs to be
determined whether protein kinases play a role in Act-medi-
ated signaling. It is particularly important, as herbimycin A did
not affect either TNF-a and IL-8 gene expression or NF-kB
activation in LPS-induced bovine alveolar macrophages, indi-
cating the involvement of the tyrosine kinase-insensitive LPS-
signaling pathway or the involvement of another transcription
factor(s) in the expression of TNF and IL-8. Interestingly, it
has been suggested that expression of the TNF-a gene is down-
regulated by agents that elevate cAMP (e.g., PGE2, dibutyryl
cAMP, CT, and 8-bromo-cAMP), with a concomitant decrease
in protein kinase A activity (64). It is therefore possible that
the reduced mRNA levels of TNF-a in Act-treated macro-
phages after 2 h might be due to (i) the short half-life of TNF-a
mRNA and (ii) an increase in cAMP in cells treated with Act
(Fig. 1A and 9). A continuous increase in the TNF-a antigen
level up to 24 h may be reflected by the translation of the
existing TNF transcript in the cells (Fig. 1B).

Interestingly, NF-kB activation induced by hypoxia re-
mained unaffected in epithelial cells exposed to 8-bromo-
cAMP, and the role of CRE and CRE-binding proteins
(CREB) in inducing TNF-a in hypoxia has been reported (64).
The CREB family of transcription factors are leucine zipper
proteins that bind to the CRE with the consensus sequence
59-TGACGTCA-39 (64). CREB is phosphorylated at serine
133 by protein kinase A in response to cAMP, and this leads to
transcriptional activation of genes with promoters containing
the CRE sequence. Other signaling pathways that lead to phos-
phorylation and CREB activation include calmodulin kinase,
which phosphorylates CREB in response to increased intracel-
lular Ca21, and protein kinase Rsk2 (a member of the pp90
ribosomal protein S6 kinase family), which is activated by mi-
togen-activated protein kinases (64). Whether Act activates
CREB through the above-mentioned signaling pathways needs
to be determined. Hsuan et al. (34) reported that elevation of
intracellular Ca21 in leukotoxin-stimulated bovine alveolar
macrophages was essential for NF-kB activation and cytokine
gene expression, as chelation of intracellular Ca21 blocked
both of these responses. These studies are very provocative,
since NF-kB recently was shown to induce CREB promoter

activity in Sertoli and NIH 3T3 cells (22). Studies of Krause et
al. (42) indicated that aerolysin, which exhibited homology
with Act, increased intracellular Ca21 levels in human granu-
locytes (HL-60). Therefore, these toxins could plausibly re-
quire Ca21 for both NF-kB and CREB activation.

Act-induced expression of the gene encoding COX-2 led to
increased PGE2 production in RAW cells (Fig. 5 and 6). Re-
cently, Wang and Tai (67) suggested that CRE might mediate
the induction of prostaglandin H synthase-2 (COX-2) expres-
sion in human amnion-derived WISH cells. These studies cor-
relate with our findings that the cox-2 gene expression might be
linked to the CREB activation (Fig. 5 and 10B). We believe
that both NF-kB and CREB might be involved in the cox-2
gene expression induced by Act, because two NF-kB binding
sites have been shown to be present at positions 2265 and
2490 upstream of the cox-2 gene (4) and Act-activated NF-kB
(Fig. 10A). Further, there is one CRE site at position 2101
upstream of the cox-2 gene (4). Recent studies of Abate et al.
(1) indicated that SN50, an inhibitor of NF-kB translocation,
indeed attenuated PGE2 accumulation in culture supernatants
of LPS-stimulated macrophages. It needs to be determined
whether Act phosphorylates Rsk2, resulting in activation of
transcription factor CREB. Interestingly, LPS has been shown
to activate AP-1 (27); however, Act did not affect AP-1 or
other transcription factor levels in RAW cells.

Our studies also indicated that Act generated antiapoptotic
signals in Act-treated macrophages (Fig. 11). Our data are
consistent with the recent findings that NF-kB protected cells
against TNF-induced cell death by inducing the expression of
antiapoptotic genes (71). Thus, the host responses are trig-
gered by Act to prevent cell death, which is beneficial for the
bacteria. However, the extent of host tissue injury is deter-
mined by the number of bacteria during infection and the
amount of Act secreted by Aeromonas. It is not known whether
PLA2 also triggers antiapoptotic signals (e.g., Bcl-2) in cells. It
is plausible that high levels of sPLA2 accumulated at inflam-
matory sites by Act may not only regulate inflammation but
also protect cells from unnecessary death induced by proin-
flammatory agents as a result of production of antiapoptotic
proteins. It is also possible that activation of CREB by Act
might enhance the expression of the gene encoding Bcl-2. In
this context, it is interesting to note that insulin-like growth
factor-I induces antiapoptotic protein Bcl-2 through the nu-
clear transcription of CREB in PC12 cells employing a novel
signaling pathway involving MAPK 6, p38bMAPK, and MAP-
KAP-K3, resulting in the induction of the bcl-2 promoter con-
taining the CRE binding site (57). It is therefore tempting to
speculate that Act may operate through a similar pathway, as
CREB levels are increased in macrophages treated with Act
(Fig. 10B). Further studies on signal transduction in Act-
treated macrophages are in progress.

In conclusion, Act upregulates the production of proinflam-
matory cytokines and antiapoptotic protein Bcl-2 as well as
activates AA metabolism in macrophage/monocyte cells. The
increased expression of genes encoding proinflammatory cyto-
kines, Bcl-2, and COX-2 appears related to activation of tran-
scription factors NF-kB and CREB. Act-induced PGE2 pro-
duction has been linked to upregulation of COX-2, which is
coupled to group V sPLA2. This is the first report of a detailed
mechanism of action of Act from A. hydrophila. Further studies
on Act-induced signal transduction in macrophages would
elicit pathogenic sequelae associated with Aeromonas infec-
tions.
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